ABSTRACT Despite their status as economically important pests on apple, species boundaries in the four native Nearctic species of Pandemis Hü bner have remained uncertain for a century. We use a total evidence approach to test their genomic integrity using DNA (cytochrome oxidase I and ITS2), morphological (greyness of various wing areas), and geographic evidence. No single source of characters is sufÞcient, but combined evidence successfully separates the four species. We also examine the generic boundaries of Pandemis, using all Nearctic species, most western Palaearctic species, and a species of Archepandemis. DNA data place Archepandemis within Pandemis indicating that its members have lost the secondary sexual characters found in other Pandemis species.
Correct identiÞcation of an economically injurious organism is vital to our ability to manage it effectively. IdentiÞcations are straightforward for many species, with only one, or a few, lines of evidence needed to delimit species boundaries. For more closely related species, identiÞcation can be difÞcult, with the detection of species boundaries often depending on the evidence used (e.g., Roe and Sperling 2007 , Schmidt and Sperling 2008 , Lumley and Sperling 2010 , SchlickÐ Steiner et al. 2010 . For this reason a total evidence approach may be necessary to provide nomenclatural stability (Agapow et al. 2004, Sites and . Total evidence is emphasized by the general-lineage species concept, which states that species are separately evolving metapopulation lineages (de Quieroz 1998 (de Quieroz , 2007 and uses multiple lines of evidence (e.g., Reeves and Richards 2011) .
The uncertainty surrounding species boundaries within the Pandemis limitata (Robinson) species group makes it a prime case for testing species boundaries using new data and an iterative approach (Yeates et al. 2010) . The genus Pandemis Hü bner is assigned to the tribe Archipini (Lepidoptera: Tortricidae: Tortricinae) and includes 67 described species worldwide (Brown 2005) . It is widespread in the Holarctic, Oriental, and Afrotropical regions, with the greatest diversity in Madagascar and eastern Asia (Diakonoff 1963 (Diakonoff , 1973 Liu and Li 2002) . Four species are currently recognized as native to the Nearctic region: P. lamprosana (Robinson) , P. limitata, P. canadana Kearfott, and P. pyrusana Kearfott. Two Palaearctic species were inadvertently introduced into British Columbia, P. cerasana (Hü bner), and P. heparana (Denis and Schiffermü ller) (Mutuura 1980) , and have subsequently been found in Washington and Newfoundland.
The six Pandemis species that currently occur in the Nearctic Region are pests of apple (Malus spp.). The larva builds a shelter by rolling one or more leaves of the host, usually feeding on foliage but occasionally on fruit (Chapman and Lienk 1971 , Madsen and Madsen 1980 , Curkovic et al. 2006 , DeLury et al. 2006 . All six species of Pandemis are polyphagous on deciduous trees and shrubs (Prentice 1965 , Mutuura 1980 and P. cerasana also occasionally feeds on conifers (Razowski 2002) .
Nearctic Pandemis species have a typical archipine forewing pattern with yellow to brown ground color, a brown patch on the costa just before the apex, and two broad dark brown fasciae, one in the basal area and one from the middle of the costa to the anal angle ( Fig. 1 ). Males have a notch at the base of the antenna that may be used in a premating ritual, because males and females in P. pyrusana meet head-to-head before mating (Curkovic et al. 2006) . In both sexes of Pandemis (except P. lamprosana), the second and third abdominal sternites possess a thinly sclerotized area with modiÞed dark scales (Razowski 1978) . Also prominent are long scales on the elongated subgenital sternite of males referred to as coremata by Freeman (1958) . The larvae are similar to other Archipini and to each other, but can be distinguished as a group by the characters listed in MacKay (1962) .
The four native Nearctic species of Pandemis were described before the widespread use of genitalia for distinguishing species and descriptions were based on very few specimens, so the extent of variation within these species was not understood or appreciated. Robinson (1869) described both P. lamprosana and P. limitata based on an unspeciÞed number of specimens from two collections and separated the former species from the latter by its fainter subapical costal spot on the forewing that extends further from the costa. Kearfott (1905) described P. canadana based on nine specimens and used characters such as the shape of the forewing markings to differentiate it from P. limitata. However, these forewing characters are variable in both P. limitata and P. canadana and are not reliable for the differentiation of the two species (Freeman 1958) . Kearfott (1905) also stated that P. canadana is subtly different in color, and he originally identiÞed his types as dark forms of P. limitata. His article was followed by the description of P. pyrusana (Kearfott 1907 ) based on just three reared specimens from California with strongly marked forewings; there were no details on how they could be distinguished from other Pandemis species.
Both of the introduced species, P. cerasana and P. heparana, are easily separated from the four native Nearctic species by forewing and hindwing pattern. In addition, P. cerasana has an uncus that is relatively long and slender, and P. heparana has an uncus that is large and broad compared with the native species (Table 1) . Although variable, our native species are currently distinguished from each other by wing color, but there is some debate about whether these differences are sufÞcient to distinguish three of the species (Freeman 1958 , Powell 1964 , Chapman and Lienk 1971 . There is no doubt that P. lamprosana is a separate species because it has distinct male genitalia (compared with the P. limitata group, the uncus is broader and more squared apically, the tegumen has a broader base, and the sacculus is straight rather than boomerangshaped) and lacks the modiÞed black scales on the second abdominal segment that are present in all other Nearctic Pandemis species (Table 1) . However, genitalia appear to be identical among P. limitata, P. canadana, and P. pyrusana, and there is overlapping variation in forewing pattern. The characters typically used to differentiate these three species include the color of the hindwing (gray and white, all gray, and all white, respectively) and the ground color of the forewing (medium to dark brown for P. canadana and straw to medium brown for the other two). The paucity of discreet phenotypic characters has led some authors to suggest that these taxa may be forms of a single widespread species (Freeman 1958 , Powell 1964 , Chapman and Lienk 1971 . There may be some geographic segregation, with P. pyrusana restricted mainly to west of the Rocky Mountains whereas the other two species are found mainly east of the Rockies. P. limitata and P. pyrusana are reported to have identical pheromones, further supporting the hypothesis of conspeciÞcity (Roelofs et al. 1976 (Roelofs et al. , 1977 . The larvae of all three species and P. lamprosana vary in the color pattern on their head and prothoracic shield and cannot be reliably distinguished using this character (MacKay 1962, Chapman and Lienk 1971) .
The purpose of this study is to iteratively test species boundaries (Yeates et al. 2010 ) using the generallineage species concept (de Quieroz 1998 (de Quieroz , 2007 within the P. limitata group using 1,547 bp of cytochrome oxidase I (COI) mtDNA sequence, 697 bp of ITS2 nuclear DNA sequence, geographical distributions, and quantiÞcation of wing color. To allow improved polarization of characters and determine putative synapomorphies, we also build a preliminary molecular phylogeny for the Nearctic and available western Palearctic species of Pandemis, along with one species of Archepandemis.
Materials and Methods
Fresh specimens of eight of the nine currently recognized Nearctic and western Palaearctic Pandemis species (except P. chondrillana (HerrichÐSchäffer)) were obtained along with Archepandemis coniferana Mutuura. Clepsis and Argyrotaenia were also found to be closely related to Pandemis in a broader study (Dombroskie 2011) , and thus were chosen as outgroups. Specimens sequenced are listed in Table 2 .
We removed two legs from most specimens soon after the moths were killed, and the legs were stored in 95% ethanol at Ϫ20ЊC. In a few specimens we removed legs either from whole specimens collected directly into ethanol or live frozen. DNA was extracted using QIAamp Mini Kits (Qiagen, Toronto, Ontario, Canada) and eluted in three steps into a 150 l volume to increase the DNA concentration polymerase chain reaction (PCR) reactions for COI followed Lumley and Sperling (2010) , except that 4 l of DNA template were used. The PCR reactions for ITS2 were similar but used 3 l of MgCl 2 and cycle sequencing followed that of Wiegmann et al. (2000) . Primers used for COI were C1-J-2183a (CAACATTTATTTTGATTTT- TTGG), TL2-N-3013 (TCCATTACATATAATCTGC-CATATTAG), C1-N-2329 (ACTGTAAATATATGAT-GAGCTCA), and TY-J-1460a (TACAATTTATC-GCCTAAACTTCAGCC) (Simon et al. 1994; Sperling et al. 1994) , and for ITS2, ITS2 F (TGTGAACTG-CAGGACACATGAA), and ITS2R (ATGCTTA-AATTTAGGGGGTAGTC) (White et al. 1990 ). PCR puriÞcation was performed either with a QIAquick PCR puriÞcation kit (Qiagen) or ExoSAP-IT (USB Corporation, Cleveland, OH), and sequencing was done with BigDye Terminator version 3.1 cycle sequencing (Applied Biosystems, Foster City, CA). Sequences were puriÞed using ethanol precipitation and sequencing reactions were run on an ABI Prism 3730 DNA analyser. Chromatograms were examined with SeqMan Pro version 7.2.0 (DNASTAR), and sequences were aligned by eye in Mesquite version 2.73 (Maddison Photos of specimens for wing color quantiÞcation were taken for all P. canadana, P. limitata, and P. pyrusana specimens used in the molecular analyses, except for specimen JD3292 because it was unspread. Methods were similar to those in Lumley and Sperling (2010) except for the following. Photos were taken with a Canon G11 digital camera using manual settings in macro mode. White balance on the camera was adjusted by placing a white card at the level of the specimens. Lighting was provided by a Cole Parmer 41723 Series high intensity illuminator at three-fourths of full power, with the lights at both sides of the specimens at 45 degree angles and a distance of 5 cm. Specimens were placed 5 cm from the camera lens and photographed using the highest quality JPEG format. QuantiÞcation of greyness was done using ImageJ (Abramoff et al. 2004 ) using the histogram function where 0 ϭ black and 255 ϭ white. Polygons were drawn within any dark or light boundaries of the paler subbasal area and darker median band, whereas hindwing boundaries were determined by drawing a line from the base of the wing to the medial bulge in the outer margin to divide the basal from the apical areas (Fig. 1) . We excluded the pale costal margin in the apical area of the hindwing (usually concealed by the forewing) from the apical hindwing polygon. We recorded the mean greyness value for each polygon for all specimens and compared them pairwise against each other. We chose the dark median and inner adjacent paler subbasal fasciae of the forewing and the basal and apical portions of the hindwing because they varied the most among specimens.
For distribution records, we examined Pandemis specimens in the Canadian National Collection, Ottawa (n ϭ 232), Los Angeles County Museum (n ϭ 102), Royal Saskatchewan Museum, Regina (n ϭ 46), and National Museum of Natural History, Washington, DC (n ϭ 550). Because of several dubious records in Prentice (1965) (G. Pohl, personal communication), it was not used as a source of specimen records for the range maps. Preliminary specimen identities were based upon visual examination of the hindwing (all white ϭ P. pyrusana, all gray ϭ P. canadana, and half gray half white ϭ P. limitata).
Results

Phylogeny of Pandemis.
Based on parsimony, maximum likelihood, and Bayesian analyses, the trees for COI and ITS2 gave conßicting phylogenies (Figs. 2  and 3 show two of the more resolved trees), and no two analyses were in complete agreement. While aligning sequences, it appeared that indels in the ITS2 gene might contribute important information. We were not able to code indels as Þfth state, unordered characters in Garli, and that analysis produced a polytomous tree with almost no resolution. Adjusting the character weights of the Þrst two codons in COI yielded trees that were highly polytomous, so all subsequent analyses were done with characters weighted equally. The tree obtained from Bayesian analysis of ITS2 (Supp. Appendix 1 [online only]) was also anomalous in one major respect, the P. lamprosana ϩ P. limitata group clade was inverted compared with the other analyses, with P. lamprosana as a terminal taxon rendering the P. limitata group paraphyletic. Other than that, the remainder of the tree was similar to those derived from the other analyses.
Pandemis, inclusive of Archepandemis, was consistently monophyletic with posterior probabilities and bootstrap values of 90 Ð100 (Fig. 4) . P. heparana, A. coniferana, P. cinnamomeana, and P. corylana were a monophyletic group with weak to strong support with COI, but this was not supported by either ITS2 or combined analyses. Three of the nine analyses place A. coniferana basal to the rest of Pandemis (Figs. 3 and 5 ; Supp. Appendix 3 [online only]). We choose to maintain it within Pandemis, which is supported by analyses of COI and 28S ϩ COI (Dombroskie 2011) . The combined P. lamprosana and P. limitata group clade usually were monophyletic, and P. lamprosana was usually the most basal species (Fig. 4) . The P. limitata group was nearly always a well-supported monophyletic group, with the notable exception of the Bayesian analysis of ITS2 as mentioned above.
DNA Phylogeny of the P. limitata Group. All species outside of the P. limitata group were recovered as monophyletic, although P. corylana had weak support from likelihood and parsimony COI analyses, possibly because of incomplete sequence data for two of the specimens (Fig. 4) . Within the P. limitata group, the two genes produced conßicting results. For COI (Fig.  2) , most P. canadana specimens and all P. limitata formed an intermixed clade. A single P. canadana from the Porcupine Hills, Alberta, Canada, was either basal in the group or within the P. canadana and P. limitata clade (inclusive of one specimen of P. pyrusana from Waterton Lakes, Alberta, Canada). The remainder of P. pyrusana was either a monophyletic group with weak support, or paraphyletic with no bootstrap support. For ITS2 (Fig. 3) , P. canadana was monophyletic with weak support. P. pyrusana and P. limitata were paraphyletic with the exception of a single P. limitata from Porcupine Hills that grouped with P. pyrusana. Wing Color Quantification of the P. limitata Group. Graphs where histogram values of the greyness from the median band were used were less informative because of the variability in darkness of that band within species. When plotted in three dimensions, histogram values for the color of the base and apical areas of the hindwing and subbasal forewing provided the best segregation of the three members of the P. limitata group (Table 3; Fig. 6 ). The only exceptions were one specimen that was intermediate in appearance between P. canadana and P. limitata from Edmonton and three specimens from the Porcupine Hills that were intermediate between P. pyrusana and the other two species (three of which are shown in Fig. 7 ).
Geographical Distribution of the P. limitata Group.
Plotting the geographic locations showed coarsescaled distributions for the four native Nearctic species (Fig. 8 ). There is a region immediately west of the Appalachians with no Pandemis specimens in the examined collections, possibly reßecting a collecting bias. P. limitata has the broadest distribution, ranging across southern Canada from British Columbia to Nova Scotia with broad expansions southward on the eastern slopes of the Rockies to Arizona, through the Midwest to Texas, and south through the Appalachians to Georgia, with one specimen from Durango, Mexico. P. canadana is distributed in more northerly regions from British Columbia to Nova Scotia, and southwards along the eastern slope of the Rockies to Arizona. P. pyrusana is found through much of the Cordilleran region from southern British Columbia and southwestern Alberta to Colorado and California. Both P. canadana and P. limitata are broadly sympatric across the southern boreal forest; however, they have November 2012 DOMBROSKIE AND SPERLING: PHYLOGENY OF NEARCTIC Pandemisdifferent centers of relative abundance. P. canadana was much more abundant in the northern prairies and Maritimes, whereas P. limitata was much more abundant in Ontario and the northeastern United States. The three species in the P. limitata group intermingled in a zone from southwestern Alberta to southern interior British Columbia and Colorado.
Discussion
P. limitata Group Species Boundaries. Species boundaries within the P. limitata group are challenging to determine. Mitochondrial DNA shows no discernable differences between P. canadana and P. limitata (Fig. 2) . Because these species are sympatric and closely related, it can be suggested that there has been widespread mitochondrial introgression or retained ancestral polymorphism (e.g., Schmidt and Sperling 2008 , Lumley and Sperling 2011 , Schoville et al. 2011 . P. pyrusana appears to be a basal grade relative to both species and shows much more geographic structuring, especially as the specimens from California consistently form a well supported clade. This increased population structure may be a result of the complex topography of its geographic range because P. pyrusana is a Cordilleran species with many distributional barriers. Nuclear DNA tells a different story (Fig. 3) . ITS2 shows P. canadana as a monophyletic entity and both P. pyrusana and P. limitata as paraphyletic.
The discordance in gene trees suggests the possibility of either introgression or incomplete lineage sorting (Maddison and Knowles 2006) and emphasizes the importance of using multiple loci when inferring species trees (FisherÐReid and Wiens 2011). The molecular data would be evidence against separate species under some more traditional species concepts. For example, potential for interbreeding violates the biological species concept, whereas paraphyly is inconsistent with the phylogenetic species concept (Coyne and Orr 2004) . In contrast, most modern concepts like the general-lineage species concept consider interbreeding and nonmonophyly as typical components of very recent speciation (de Quieroz 2007) .
Further complexity is provided by a few specimens that may be hybrids (Fig. 7) . One putative specimen of P. canadana (JD3511) had mitochondrial DNA that placed it as either basal to or within P. pyrusana. This specimen was much paler overall (hindwing basal area greyness ϭ 186) than most P. canadana examined (x hindwing basal area greyness ϭ 153; ϭ 17) but was still darker than specimens of P. pyrusana (x hindwing basal area greyness ϭ 209; ϭ 10) (Table 3 ). In addition, one putative P. limitata (JD3510) had a nuclear DNA that placed it within a clade of P. pyrusana. The specimen had characters intermediate between typical P. pyrusana and P. limitata. The hindwing had a partial faint infuscation of gray scaling consistent in pattern, but much paler (hindwing basal area greyness ϭ 189) than typical P. limitata (x hindwing basal area greyness ϭ 162; ϭ 16). SuperÞcially the specimen resembles P. pyrusana.
Both of these putative hybrids were collected in the Porcupine Hills of southwestern Alberta, in the northern Rocky Mountain suture-zone (Remington 1968; but see Swenson 2010) , which is Ͻ100 km north of the nearest known P. pyrusana population. This part of southwestern Alberta is one of the areas where all three species currently occur in close proximity (Fig.  8) . In addition to these two obvious examples of morphological intermediacy, there were two specimens (JD1386 and JD1392) that had apical hindwing greyness (188 and 194) that was closer to that of P. limitata (x hindwing apical area greyness ϭ 187; ϭ 16) than to that of P. canadana (x hindwing apical area greyness ϭ 160; ϭ 20). However, their forewing subbasal greyness (110 and 108) was closer to P. canadana (x forewing subbasal area greyness ϭ 111; ϭ 13) than to P. limitata (x forewing subbasal area greyness ϭ 136; Two hypotheses may explain the origins of the species in the P. limitata group. The paraphyly of P. limitata with respect to P. canadana suggests that the latter species could have originated recently within P. limitata and there has not been enough time for complete lineage sorting. Most specimens of these two species have nearly identical COI haplotypes, which suggests that there may have been a previous selective sweep (Coyne and Orr 2004) . This is further supported by the increased geographic structuring within ITS2 clades relative to COI. The lack of consistent COI differences between these species could also be because of rapid mitochondrial introgression, even though hybridization between the two does not seem common, because such a process can occur in a relatively short period of time with relatively few interspeciÞc matings (Goodman et al. 1999; Mallet 2005) .
None of the character types alone, whether DNA, morphology, or geography, provided character differentiation to delimit the species as they are currently deÞned (Table 4) . However, the combination of apical and basal hindwing greyness and forewing subbasal greyness allowed successful separation, as should be expected because the taxa were partly deÞned on the basis of these characters in the Þrst place. Except where all three species meet in southwestern Alberta, the species were usually distinguishable using a combination of COI and ITS2 sequences. Their geographic distributions generally were distinct as well; P. pyrusana was Cordilleran, and both P. canadana and P. limitata were found mainly east of the Rocky Mountains. The ranges of the last two species overlapped broadly; however, P. canadana was the most common species in the northern prairie provinces and Maritimes, whereas P. limitata was more common south of the boreal region.
Molecular Phylogeny and Synapomorphies of Examined Pandemis spp. The importance of ITS2 indels for providing phylogenetic signal became evident in the alignment stage, with each species, as deÞned by hindwing color, typically having well-deÞned blocks of indels. When the sequences were analyzed using Garli, because we were unable to treat indels as unordered Þfth state characters, the resulting tree showed very little resolution or support values among taxa.
It is difÞcult to determine which characters are synapomorphic at the base of the genus because at least some of the characters are absent in several species. Of the species in this study, P. dumetana lacks November 2012 DOMBROSKIE AND SPERLING: PHYLOGENY OF NEARCTIC Pandemisthe antennal notch, and its position as the most basal lineage in a few of the analyses suggests that absence of a notch may be the pleisiomorphic state for the genus. P. lamprosana lacks the basal abdominal modiÞed scales; however, in this case it is most likely because of a reversal because it is well supported as a more derived clade in most analyses. Because A. coniferana is also positioned well within Pandemis in most DNA-based phylogenies, it seems likely that it has secondarily lost the antennal notch, basal abdominal modiÞed scales, and modiÞed pregenital sternite. Mutuura (1978) considered Archepandemis close to Pandemis based on identical wing venation and similar male genitalia, but he presumed it to be a separate genus genus because it lacks many of the deÞning characters of the genus. However, careful examination of the male antenna in A. coniferana shows that there is a subtle notch that may be a remnant of that ancestral character. All COI analyses ( Fig. 2 ; Supp. Appendices 2 and 5 [online only]) tend to place Archepandemis in a clade with the Palearctic P. heparana, P. cinnamomeana, and P. corylana. This is surprising because the other three are primarily polyphagous on deciduous trees and shrubs rather than restricted to conifers, and have a more typical Pandemis wing pattern. Archepandemis has a very different forewing pattern, with a gray checkered pattern instead of the typical brownish banded pattern; however, the pattern is clearly convergent on many different conifer-feeding archipines like Archips packardiana (Fernald), Choristoneura fumiferana (Clemens), Dichelia histrionana (Frö lich), and Syndemis afflictana (Walker). Furthermore, because a few of the Palaearctic species, like P. cerasana and P. cinnamomeana, occasionally feed on conifers as well (Razowski 2002 ), adaptation to a conifer diet seems plausible. Another expected result is that P. lamprosana is a sister to the P. limitata group. This is congruent with morphological data that shows similarity in genitalia, forewing pattern, and larvae (MacKay 1962) . In summary, the four species in the P. limitata group are separable using a combination of morphology, geography, and DNA, suggesting that they are indeed distinct biological entities that are in the early stages of speciation. Because of this we maintain the status quo and regard them as separate but closely related species. Recognition as separate species is also important for understanding the detection and potential for spread of any of these species if they are introduced outside of their native ranges.
Because of poor resolution and limited taxonomic sampling at deeper levels within Pandemis, it is difÞ-cult to discern which of the Pandemis characters are synapomorphies for the whole genus. The genus Archepandemis should be included within Pandemis based on molecular analyses as well as morphological similarity, for example, the faint remnants of a basal antennal notch. 
